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(54) Power output apparatus 

(57) In a power output apparatus 10, a complex 
motor 30 includes a stator 32, a rotor 34 linked with a 
crankshaft 56 of an engine 50, arxJ a rotor 36 linked with 
a drive shaft 22, wherein the stator 32 and the rotor 34 
constitute a first motor MG1 constructed as an induction 
motor and the stator 32 and the rotor 36 constitute a 
second motor IVIG2 constructed as an induction motor. 
A driving circuit 92 regulates the frequency of an excit- 
ing electric current to be fkwn through threeishase coils 
38 of the stator 32 within a range between the frequency 
of the rotor 34 and the frequency of the rotor 36. This 
procedure enal>les the first motor MG1 and the second 
motor MG2 to function re^ectively as a generator and 
a motor. Electromagnetic energy regenerated by the 
first motCH- MGl is supplied to the second motor MG2 
not via the driving circuit 92 tjut directly from the stator 
32. Conpared with a system for driving a motor via a 
driving circuit, such as an inverter, the structure of the 
present invention enhances the energy efficiency of the 
power output apparatus 10 and reduces the size of the 
whole power output apparatus 10. 
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Description 

BACKGROUND OF THE INVENTION 

1. Reld of the Invention 

The present invention relates to a power ou^ut 
apparatus, and more specifically to a power output 
Bf^ratus for outputting power from an engine to a drive 
siiaft witti a higli efficiency. 

2. Description of the Prior Art 

Proposed power output apparatuses for outputting 
power to a drive shaft, for example, those mounted on a 
hybrid electric vehicle, include an engine, a generator 
attached to an output shaft of the engine, and a motor 
attached to a drive shaft that is rotatat^le independently 
of the output shaft of the engine. The power output from 
the engine is converted to electrical energy by the gen- 
erator and then consumed by the motor, so that the 
power is output to the drive shaft. In such a power out- 
put apparatus, the generator and the motor are respec- 
tively connected to a t>attery via inverter circuits that are 
independently controlled. When there is an excess or a 
deficiency between the electrical energy obtained by 
the generator and the electrical energy consumed by 
the motor, charging or discharging the battery is canied 
out for the energy balance. 

In this known power output apparatus, it is required 
to convert an alternating current to a direct current and 
then re-convert the direct current to an alternating cur- 
rent by means of two inverter circuits, in order to supply 
the electrical energy obtained by the generator to the 
motor. This procedure undesiral^y lowers the enwgy 
efficiency. With a view to enhancing the energy effi- 
ciency of the whole power output apparatus, it is essen- 
tial to enhance the efficiency of the engine that has the 
lowest energy efficiency. Namely the engine is required 
to be driven stationarily at a driving point of the highest 
possible efficiency Determination of the driving point of 
the engine independently of the rotation of the drive 
shaft causes the frequency of the voltage or the electric 
cun-ent generated by the generator to be different from 
the frequency of the voltage or the electric current 
applied to ttie motor that outputs the power to the drive 
shaft. Two inverter circuits are accordingly required, in 
order to supply the voltage or the electric current of a 
desired frequency to the motor as discussed above. 

The applicant has filed a driving system of an elec- 
tric vehicle (JAPANESE PATENT LAID-OPEN 
GAZETTE No. 4-183204) as a technique relating to the 
power output apparatus of the present invention. The 
driving system includes two coaxial rotors that are 
respectively attached to left and rigtrt wheels and rotat- 
able independently of each other, and a stator that has 
coils wound thereon and is arranged on the periphery of 
both the rotors to drive and rotate the rotors. 
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SUMMARY OF THE INVENTION 

One object of the present invention is to provide a 
power output apparatus having a higher energy effi- 
ciency. 

Another object of the present invention is to reduce 
the size of the power ou^ut apparatus. 

At least part of the above and the other related 
objects is realized by a first power output apparatus of 
the present inventicHi for outputting power to a drive 
shaft, which includes: an engine having an oulput shaft; 
a complex motor comprising a stator having nHilti-phase 
coils wound thereon, a first rotor connecting with the 
output shaft of the engine, and a second rotor connect- 
ing with the drive shaft, wherein the stator and the first 
rotor constitute a first motor that can carry out a regen- 
erative operation and the stator and the second rotor 
constitute a second motor, at least eitiier one of the first 
motor and the second motor being consfructed as a 
non-synchronous motor; a motor-drivirjg circuit for reg- 
ulating an exciting electric cunent flown through the 
multi-phase coils wound on the stator of the complex 
motor, thereby driving the first motor and the second 
motor in the complex motor; and confrol means for driv- 
ing and controlling the first motor and the second motor 
via the motor-driving circuit, so as to enaiAe at least part 
of power output from the engine to be output to tine drive 
shaft. 

In the first power output apparatus of the present 
invention, the two rotors of the first motor and the sec- 
ond motor included in the complex motor are driven by 
regulating the exciting electric current flown through the 
coils wound on the stator. This ^at^es the first motor 
arvd the second motor to output the power output from 
the engine to the drive shaft. This structure requires 
only one driving circuit for driving the two motors and 
thus effectively reduces the energy loss, thereby 
enhancing the energy efficiency of tiie whole power out- 
put apparatus. 

In accordance with one preferat}le application of the 
first power output apparatus, the control means includes 
means for confrolling the first motor and the second 
motor, in order to enable tiie first motor to regenerate at 
least part of the power output from the engine as an 
electromagnetic energy and in order to enable the sec- 
ond motor to be driven with at least part of the regener- 
ative electromagnetic energy. This sfructure enables tiie 
power output from the engine to be supplied from the 
first motor to the second motor in tiie form of elecfro- 
magnetic energy. The electromagnetic energy is tiien 
output as mechanical energy to the drive shaft by 
means of the second motor. 

In accordance with another preferatile application 
of the first power output apparatus, the second motor in 
the complex motor is constructed as a non-synchronous 
motor, and the first motor in the complex motor is con- 
structed as a non-synchronous motor having specific 
torque-slip characteristics that give a higher torque tiian 
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that of the second motor at a slip in a predetermined 
range. TTie difference in characteristics between the first 
motor and the second motor enables each motor to 
carry out a desired operation at a slip in a predeter- 
mined range. 

In the first power output apparatus including the first 
motor having the higher slip-torque characteristics in 
the predetermined range, the predetermined range is a 
range in the vicinity of a value '1'. In this structure, it is 
preferable that the first power output apparatus furttter 
includes starting time control means activated in place 
of the control means when a predetermined starting 
instruction is given while both the output shaft of the 
engine and the drive shaft are at a stop, the starting time 
control means controlling the first nmtor and the second 
motor via the motor-driving circuit, in order to enable the 
first motor to output a torque for rotating and driving the 
output shaft of the engine and in order to enable the 
second motor to output a torque of not greater than a 
predetermined value. Especially when the predeter- 
mined value represents a value of a torque correspond- 
ing to a stationary friction of the drive shaft, the power 
output apparatus can start the engine while keeping the 
drive shaft at a stop. 

In accordance with still another preferable applica- 
tion, the first power output apparatus further includes 
reverse time control means for, when an instruction is 
given to rotate the drive shaft in reverse of a rotation of 
the output shaft, regulating the motor-driving circuit, so 
as to invert a phase sequence of an exciting electric cur- 
rent flown through the multi-phase coils wound on the 
stator of the complex motor. This structure enat)les the 
drive shaft to be driven in a reverse direction. 

In the first power output apparatus having the 
reverse time control means, it is preferat>le that the sec- 
ond motor in the complec motor is constructed as a non- 
synchrorxjus motor and ttiat the reverse time control 
means has means for regulating the exciting current in 
order to keep a slip in a range of 0 to 1 while the second 
motor is driven to cany out a power operation in a 
reverse direction. 

In accordance with another preferable application 
of the first power output apparatus, the second motor in 
the complex motor is constructed as a motor that can 
carry out a regenerative operation. In this structure, the 
first power output apparatus further includes braking 
time control means for, when an instruction is given to 
brake the drive shaft, regulating an exciting electric cur- 
rent flown through the multiphase coils wound on the 
stator of the conplex nrotor via the motor-driving circuit, 
so as to enat>le a braking force to be applied to the drive 
shaft through the regenerative operation of the second 
motor in the complex motor. This structure enatries 
regeneration of kinetic energy at the time of t)raking. 
thereby further enhancing the energy efficiency of the 
whole power output apparatus. 

The present invention is also directed to a second 
power output a|:^ratus for outputting power to a drive 



shaft, which includes: an engine having an output shaft; 
a complex motor comprising a stator having multi-phase 
coils wound thereon, a first rotor connecting with a rotat- 
ing shaft, and a second rotor connecting with either one 

5 of the output shaft of the engine and the drive shaft, 
wherein the stator and the first rotor constitute a first 
motor fliat can can-y out a regenerative operation and 
the stator and the second rotor constitute a second 
motor, at least either one of the first motor and the sec- 

10 ond motor being constructed as a non-synchronous 
motor; three-shaft-type input and output means having 
three shafts respectively connecting with the output 
shaft, the rotating shaft, and the drive shaft, the three- 
shaft-type input and output means determining powers 

IS input into and output from a residual one shaft based on 
predetermined powers input into and output from any 
two shafts among the three shafts; a motor-driving cir- 
cuit for regulating an exciting electric current flown 
through the multi-phase coils wound on the stator of the 

20 complex motor, thereby driving the first motor and the 
second motor in the complex motor; and control means 
for driving and controlling the first motor and the second 
motor via the motor-driving circuit, so as to enatie the 
three-shaft-type power input and output means and the 

2S first motor and the second motor in the complex motor 
to ou^ut at least part of power output from the engine to 
the drive shaft. 

In the second power output apparatus of the 
present invention, the power output from the engine can 

30 be output to the drive shaft via the three-shaft-type input 
and output means and the first motor and ttie second 
motor in the complex motor. The two rotors of the first 
motor and the second motor included in the complex 
motor are driven by regulating the ecciting electric cur- 

35 rent flown through the coils wound on the stator. This 
structure requires only one driving circuit for driving the 
two motors and thus effectively reduces the energy loss, 
thereby enhancing the energy efficiency of the whole 
power output apparatus. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 schematically illustrates structure of a power 
output apparatus 10 as a first embodiment accord- 

4S ing to tfie present invention ; 

Rg. 2 schematically illustrates a general structure 
of a vehicle having the power output apparatos 10 
of the first enrAxxJiment incorporated therein; 
Rgs. 3(a) and 3(b) illustrate exemplified shapes of 

50 rotor bars of an ordinary squirrel-cage induction 
motor and a special double squirrel-cage induction 
motor; 

Rg. 4 is a graph showing the torque-slip character- 
istics of the ordinary squirrel-cage induction motor 
55 and the special double squirrel-cage induction 
motor; 

Rg. 5 is a graph showing torque-slip characteristics 
of the first motor MG1 and the second motor MG2 
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under the condition of col > coO >(02; 
Fig. 6 is a flowchart showing a processing routine in 
a stationary driving condition executed by the con- 
trol CPU 90 of the controller 80: 
Fig. 7 shows a n?ap illustrating the relationship s 
between the torque command value Tm2*, the rota- 
tional frequency co2, and the accelerator pedal posi- 
tion AP; 

Fig. 8 is a graph showing the relationship between 
the remaining charge BRM of the battery 94 and io 
the chargeable electric power; 
Fig. 9 is a graph showing a variation in torque-slip 
characteristics of the second motor MG2 with a var- 
iation in current value 10 of the exciting current flown 
through the three-phase coils 38; is 
Fig. 10 is a flowchart showing a starting time proc- 
ess routine executed by the control CPU 90 of the 
controller 80; 

Fig. 11 is a graph showing the relationship between 
the current value 10 of the exciting current flown 20 
through the three-phase coils 38 and the torque-slip 
characteristics of the first motor MG1 and the sec- 
ond motor MG2; 

Fig. 12 is a flowchart showing a braking time proc- 
ess routine executed by the control CPU 90 of the ss 
controller 80; 

Fig. 13 shows the relationship between the rota- 
tional frequency and the torque-slip characteristics 
of both the motors at the time of braking; 
Fig. 14 is a flowchart showing a processing routine 30 
in a reverse driving state executed by the control 
CPU 90 of the controller 80; 
Fig. 15 shows the relationship between the rota- 
tional frequency and the torque-slip characteristics 
of both the motors in the reverse driving state; as 
Fig. 16 schematically illustrates structure of another 
power ou^ut ^jparatus 1 10 as a second emtwdi- 
merrt according to the present invention; 
Fig. 17 schematically illustrates a general structure 
of a vehicle having the power output apparatus 110 40 
of the second embodiment incorporated therein; 
Fig. 18 is a nomogram showing the relationship 
between the revolving speed and the torques of the 
three shafts connected to the planetary gear 120; 
Fig. 19 is a nomogram showing the relationship 45 
between the re/olving speed and the torques of the 
three shafts connected to the planetary gear 120; 
Fig. 20 schematically illustrates structure of a 
power output apparatus 11 OA given as a modified 
exampi e of the second embodiment; so 
Fig. 21 is a nomogram showing the relationship 
between the revolving speeds and the torques of 
the three shafts connected to the planetary gear 
120 in the power output apparatus 11 OA given as 
the modified exanple of the second embodiment; ss 
and 

Fig. 22 is a nomogram showing the relationship 
between the revolving speeds and the torques of 



the three shafts connected to the planetary gear 
120 in the power output apparatus 11 OA given as 
the modified exanrple of the second enr^xxfiment. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

Some modes of can-ying out the present invention 
are described below as preferred embodiments. Fig. 1 
schematically illustrates structure of a power output 
apparatus 10 as a first embodiment according to the 
present invention; and Fig. 2 schematically illustrates a 
general structure of a vehicle having the power output 
apparatus 10 of the first embodiment incorporated 
therein. The general structure of the vehicle is 
described first tor the convenience of explanatim. 

Refen-ing to Fig. 2, the vehicle is provided with an 
engine 50 driven by gasoline as a power source. The air 
ingested from an air supply system via a throttle valve 
66 is mixed with fuel, that is, gasoline in this embodi- 
ment, injected from a fuel injection valve 51 . The air/fuel 
mixture is supplied into a combustion chamber 52 to be 
explosively ignited and burned. Unear motion of a pis- 
ton 54 pressed down by the explosion of the air/Fuel mix- 
ture is converted to rotational motion of a crankshaft 56. 
The throttle valve 66 is driven to open and close by an 
actuator 68. An ignition plug 62 converts a high voltage 
applied from an igniter 58 via a distributor 60 to a spark, 
which explosively ignites and comlxjsts the air^el mix- 
ture. 

Operation of the engine 50 is controlled by an elec- 
tronic control unit (hereinafter referred to as EFIECU) 
70. The EFIECU 70 receives information from various 
sensors, which detect operating conditions of the 
engine 50. These sensors include a throttle position 
sensor 67 for detecting a valve travel or position of the 
throttle valve 66, a manifokj vacuum sensor 72 tor 
measuring a load applied to the engine 50, a water tem- 
perature sensor 74 for measuring the temperature of 
cooling water in the engine 50. and a speed sensor 76 
and an angle sensor 78 mounted on the distributor 60 
for measuring the revolving speed (the number of revo- 
lutions per a predetermined time period) and the rota- 
tional angle of the crankshaft 56. A starter switch 79 for 
detecting a starting condition ST of an ignition key (not 
shown) is also connected to the EFIECU 70. Other sen- 
sors and switches connecting with the EFIECU 70 are 
omitted from the illustration. 

The crankshaft 56 of the engine 50 is linked with a 
drive shaft 22 via a complex motor 30 (described later in 
detail). The drive shaft 22 further connects with a differ- 
ential gear 24, which eventually transmits the torque 
output from the drive shaft 22 of the power output appa- 
ratus 10 to left and right driving wheels 26 and 28. The 
complex motor 30 is driven and confrolled by a control- 
ler 80. The controller 80 includes an internal control 
CPU and receives inputs from a gearshift position sen- 
sor 84 attached to a gearshift 82, an accelerator pedal 
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position sensor 64a attached to an accelerator pedal 
64, and a brake pedal position sensor 65a attached to a 
brake pedal 65. The detailed structure of the controller 
80 will be described later. The controller 80 sends and 
receives a ^ariety of data and information to and from 5 
the EFIECU 70 through communication. Details of the 
control procedure including a communication protocol 
will be described later. 

Referring to Fig. 1, the complex motor 30 includes a 
stator 32 having three-phase coils (U, V. and W phases) 10 
38 wound on slots, a rotor 34 connected with the crank- 
shaft 56 of the engine 50, and a rotor 36 connected with 
the drive shaft 22. The stator 32 and the rotor 34 consti- 
tute a first motor MG1 , whereas the stator 32 and the 
rotor 36 constitute a second motor MG2. The stator 32 is 
is constructed by laminating thin sheets of non-direc- 
tional electromagnetic steel. The first motor N/IG1 is 
structured as a spedal double squirrel-cage induction 
motor that can carry out the regenerative operation and 
ou^^ut high torques at low revolving speeds of the rotor. 20 
The second motor MG2 is structured as an ordinary 
squirrel-cage induction motor. Figs. 3(a} and 3(b) illus- 
trate exemplified shapes of rotor bars of then ordinary 
squirrel-cage induction motor and the special doutile 
squirrel-cage induction motor. Fig. 4 is a graph showing ss 
the torque-slip characteristics of the ordinary squirrel- 
cage induction motor and the special doutile squirrel- 
cage induction motor. In the graph of Fig. 4, curves A 
and B respectively represent the torque-slip character- 
istics of the ordinary squirrel-cage induction motor and 3o 
those of the special double squirrel-cage induction 
motor. 

A resolver 44 for measuring a rotational angle ee of 
the crankshaft 56 is mounted on the crankshaft 56, and 
a resolver 46 for measuring a rotational angle 6d of the 35 
drive shaft 22 is mounted on the drive shaft 22. The 
resolver 44 may also work as the angle sensor 78 
attached to the dislritxitor 60. The drive shaft 22 is sup- 
ported by a bearing 48 attached to a casing 40. 

As mentioned alx>ve, the complex motor 30 is 40 
driven and controlled by the controller 80. Referring 
back to Fig. 1 , the controller 80 includes a driving circuit 
92 for driving the complex motor 30, a control CPU 90 
for controlling the driving drcurt 92, and a battery 94 
including a number of secondary cells. The control CPU 46 
90 is a one-chip microprocessor including a RAM 90a 
used as a working menrary, a ROM 90b in which a vari- 
ety of processing programs are stored, an input/outpul 
port (not shown), and a serial communication port (not 
shown) through which data are sent to and received so 
from the EFIECU 70. The control CPU 90 receives a 
variety of data via the input port. The input data include 
the rotational angle ee of the crankshaft 56 of the 
engine 50 measured with the resolver 44, the rotational 
angle ed of the drive shaft 22 measured with the ss 
resolver 46, an accelerator pedal position AP (step-on 
amount of the accelerator pedal 64) output from the 
accelerator pedal position sensor 64a, a brake pedal 



position BP (step-on amount of the brake pedal 65) out- 
put from the brake pedal position sensor 65a, a gear- 
shift position SP output from the gearshift position 
sensor 84, phase currents iu and Iv measured with two 
ammeters 96 and 98 disposed in the driving circuit 92, 
and a remaining charge BRM of the battery 94 meas- 
ured with a remaining charge meter 99. The remaining 
charge meter 99 may determine the remaining charge 
BRM of Vne battery 94 by any known method; for exam- 
ple, by measuring the specific gravity of an electrolytic 
solution in the battery 94 or the whole weight of the bat- 
tery 94, by computing the currents and time of charge 
and discharge, or by causing an instantaneous short- 
circuit between terminals of the battery 94 and measur- 
ing an internal resistance against the electric current. 

The control CPU 90 outputs a control signal SW for 
driving ax transistors Tr1 through Tr6 working as switoh- 
ing elements in the driving circuit 92. The six transistors 
Tri through Tr6 in the driving circuit 92 constitute a tran- 
sistor inverter and are arranged in pairs to work as a 
source and a drain with respect to a pair of power lines 
LI and L2. Each phase coil of the three-phase coils 38 
in the complex motor 30 is connected to each contact of 
the paired transistors. The power lines LI and L2 are 
respectively connected to plus and minus terminals of 
the battery 94. The control signal SW output from the 
control CPU 90 thus successively controls the pow»-on 
time of the paired transistors Tri through Tr6. The elec- 
ti-ic current flowing tiirough each phase coil of tiie three- 
phase coils 38 is PWM (pulse width modulation) control- 
led to give a quasi-sine wave, which enables flie three- 
phase coils 38 to form a revolving magnetic field. 

The power oulput apparatus 10 of the first embodi- 
ment thus constructed follows an operation principle 
discussed below. By way of example, it is assumed that 
the engine 50 is driven at a revolving speed Ne and that 
tiie drive shaft 22 rotates at a revolving speed Nd that is 
lower than the revolving speed Ne. Under suc^ condi- 
tions, a rotational frequency «>1 of the rotor 34 included 
in tiie first motor MG1 of the complex motor 30 is equal 
to a rotational frequency ©e of the crantehaft 56 of tiie 
engine 50. When the reviving speed Ne is expressed 
by the unit of rpm, the rotational frequency ol is calcu- 
lated as 2jiNe/60. A rotational frequency eoS of the rotor 
36 included in tiie second motor MG2 of tiie complex 
motor 30 is equal to a rotational frequency of the drive 
shaft 22 and is tiiereby calculated as ZnWJBO. Since 
Ne>Nd, ffi)1><n2. 

In this state, an exciting current flown through the 
three-phase coils 38 is regulated by the switching oper- 
ation of tiie transistors Tri through Tr6 in the driving cir- 
cuit 92. in order to enable a frequency <oO of a revolving 
magnetic field of tiie stator 32 included in the conrplex 
motor 30 to satisfy oalxnOxifi. Fig. 5 is a graph show- 
ing the torque-slip characteristics of the first motor MG1 
and the second motor MG2 in this state. Refemng to 
Fig. 5, since a slip si expressed as Equation (1) given 
below has a negative value, the first motor MG1 works 
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as a generator according to the Fleming's right-hand 
rule and takes out a mechanical energy Pe output from 
the engine 50 to the cranltshaft 56 as an electronriag- 
netic energy PI . A slip s2 expressed as Equation (2) 
given below is, on the other hand, in a range of 0 to 1 , 5 
so that the second motor MG2 works as a motor accord- 
ing to the Fleming's left-hand rule and outputs an elec- 
tromagnetic energy P2 supplied via the stator 32 to the 
drive shaft 22 as a mechanical energy Pd. 

sl = ^ 
(oO 



In this state, tioth the regeneration of the electro- 
magnetic energy PI by the first motor MG1 and the con- 
sumption of the electromagnetic energy P2 by the 
second motor MG2 are carried out via the stator 32. 
Provided that a certain loss, for example, in the driving 
circuit 92 is neglected, a difference between the electro- 
magnetic energy PI and the electromagnetic energy P2 
represents the electrical energy transmitted to and from 
the battery 94 via the three-phase coils 38 and the driv- 
ing circuit 92. When the electromagnetic energy PI 
regenerated by the first motor MG1 is greater than the 
electrcHTiagnetic energy P2 consumed by the second 
motor MG2, the electromagnetic energy PI is directly 
supplied to the second motor MG2 via *ie stator 32 
wrtiile a residual electromagnetic energy defined by (Pl- 
P2) is supplied to the fcattery 94 via the three-phase 
coils 38 and the driving circuit 92. When the electro- 
magnetic energy P1 is smaller than the electromagnetic 
energy P2, on the contrary, the electromagnetic energy 
P1 directly supplied to the second motor MG2 via the 
stator 32 is not sufficient for the required electromag- 
netic energy P2. Energy defined by (P2-P1) is accord- 
ingly supplied from flie battery 94 via the three-phase 
coils 38 and the drivir^ circuit 92. 

Both the first motor MGl and the second motor 
MG2 are induction motors as mentioned above. The 
electromagnetic energy PI regenerated by the first 
motor MG1 is thus expressed as a function, wherein 
variat>les are a value 10 of the ^citing current flown 
through the three-phase coils 38 of the stator 32 and the 
slip si. The electromagnetic energy P2 consumed by 
the second nrotor MG2 is expressed as a function, 
wherein the value 10 of the exciting current fbwn 
through the threeiDhase coils 38 and the slip s2. The 
slips s1 and s2 are respectively defined by the above 
Equations (1) and (2). In a statimary state wherein the 
rotational frequency <o1of the rotor 34 in the first motor 
MGI and the rotational frequency <eZ of the rotor 36 in 
the second motor MG2 are fixed, that is, wherein the 
revolving speed Ne of the engine 50 and the revolving 
speed Nd of the drive shaft 22 are fixed, both the slips 
&1 and s2 depend upon the rotational frequency <oO of 



the revolving magnetic f ieW of the stator 32. The electro- 
magnetic energy PI is accordingly eyqiressed by the 
value 10 of the exciting current flown through the three- 
phase coils 38 of the stator 32 and the frequency coO of 
the revolving magnetic field of the stator 32 as variables. 
The electromagnetic energy P2 is also expressed by the 
value 10 of the exciting cun-ent flown through the three- 
phase coils 38 and the frequency of the revolving 
magnetic field of ttie stator 32 as variables. Namely t»th 
the electromagnetic energy PI regenerated by the first 
motor MGI and the electromagnetic energy P2 con- 
sumed by ttie second motor MG2 can be controlled by 
regulating the value 10 of the exciting current flown 
through the three-phase coils 38 of the stator 32 and the 
frequency ooO thereof. 

The following describes concrete operations of the 
power output apparatus 10, which follows the furKla- 
mental c^ration principle discussed at)ove. The power 
output apparatus 10 carries out different operations in 
connection with the state of the v^ide, on which the 
power output apparatus 10 is mounted. A control proce- 
dure in an ordinary driving state of the vehicle is 
described first based on a processing routine in a sta- 
tionary driving condition shown in the flowchart of Fig. 6. 
This routine is repeatedly executed at predetermined 
time irrtervals, for example, 1 0 msec, after the engine 50 
of the vehicle has started. 

When the program enters the routine of Fig. 6, the 
control CPU ^ of the controller 80 first reads the rota- 
tional frequency a>1 of the first motor MGI and the rota- 
tional frequency <c2 of the second motor MG2 in the 
complex motor 30 at step SI 00. The rotational fre- 
quency col of the first motor MGI may be calculated 
from the rotational angle ee of the engine 50 reaJ from 
the resolver 44 attached to the cranlshaft 56, whereas 
the rotational frequency to2 of the second motor MG2 
may be calculated from the rotational angle 0d of the 
drive shaft 22 read from the resolver 46 attached to the 
drive shaft 22. The control CPU 90 then reads the accel- 
erator pedal position AP detected by the accelerator 
pedal position sensor 64a at step SI 02. The driver 
steps on the accelerator pedal 64 when feeling insuffi- 
ciency of the output torque. The value of the accelerator 
pedal position AP accordingly represents the desired 
output torque (that is, the torque to be output to the drive 
shaft 22) which the driver requires. 

Tfie control CPU 90 determines a torque command 
value Tm2* to be output from the second motor MG2, 
based on the input accelerator pedal position AP and 
the input rotational frequency o& of the second motor 
MG2 at step Si 04. In this embodiment, torque com- 
mand values Tm2* are set in adrance for the respective 
values of the accelerator pedal position AP and the rota- 
tional frequency e& of the second motor MG2 and 
stored as a map in the ROM 90b. In accordance with a 
concrete procedure, at step 8104, the torque command 
value Tm2* corresponding to the input accelerator 
pedal position AP and the \np\A rotational frequency <»2 
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is read from the map stored in the ROM 90b. Fig. 7 illus- 
trates such a map as an example. 

At subsequent step S106. the control CPU 90 cal- 
culates an energy P2 output from the second motor 
MG2 to the drive shaft 22 by multiplying the torque com- s 
mand value Tm2* of the second motor MG2 by the rota- 
tional frequency cei2. The corrtrol CPU 90 then reads the 
remaining charge BRM of the battery 94 measured with 
the remaining charge meter 99 at step S108, and sets a 
torque command value Tm1* of the first motor MQl io 
based on the calculated output energy P2 and the input 
remaining charge BRM of the battery 94 at step S1 10. 
The torque command value Tml * of the first motor MG1 
is set based on the output energy P2 and the remaining 
charge BRM of the battery 94, in order to regulate the is 
charge and discharge of the battery 94. Namely this 
procedure prevents the battery 94 from being charged 
or discharged to an extreme degree and ke^s the 
remaining charge BRM of the battery 94 wittiin a prede- 
termined range. Fig. 8 is a graph showing the relation- so 
ship between the remaining charge BRM of the battery 
94 and the chargeable electric power as an example. In 
the graph of Fig. 8, threshold values BL and BH respec- 
tively denote a lower limit value arxl an upper limit value 
of a predetermined appropriate range of the remaining 25 
charge BRM of the battery 94. The following describes 
the procedure of setting the torque command value 
Tm1 * of the first motor MQl in connection wtth the driv- 
ing points of the engine 50 and the operation control of 
the engine 50. 30 

In the structure of the power output apparatus 10 of 
the emtXKliment, the engine 50 can be driven irrespec- 
tive of the operation of the drive shaft 22 and thereby 
driven stationarily at a driving point of the highest possi- 
ble energy efficiency. This sfructure also allows the 3s 
engine 50 to be irAermittently driven by taking into 
account the remaining charge BRM of the battery 94. In 
this embodiment, arailatrte driving points of the engine 
50 include a driwng point DPI having the highest possi- 
bie energy efficiency, a driving point DP2 for ou^utting 4o 
a large energy to atnruptly charge the battery 94, and a 
driving point DPS for oulputting a relatively small 
energy Namely the engine 50 is either at a stop or 
driven at one of these three driving points in this embod- 
iment. 45 

The torque of the first motor MG1 represents a 
loading torque of the engine 50. In order to drive the 
engine 50 stationarily at a predetermined driving point, 
the torque of the first motor MGl is not allowed to vary 
but is required to be fixed to a value identical with any so 
one of the output torques of the engine 50 at the three 
driving points DPI through DPS or zero (when the 
engine 50 is at a stop). The processing of step S1 10 
accordingly sets the torque command value Tml * of the 
first motor MGl equal to any one of the four values ss 
including zero. In this emtwdiment, torque command 
values Tml* are set in advance for the respective val- 
ues of the remaining charge BRM of the battery 94 and 



the output energy P2 by taking into account the per- 
formance of the engine 50, the output energy at each 
driving point, and the capacity of the battery 94, and 
stored as a map (not shown) in the ROM 90b. In accord- 
ance with a concrete procedure, at step S1 10, ttie 
torque command value Tml * corresponding to the input 
remaining charge BRM of the battery 94 and the calcu- 
lated output energy P2 is read from the map stored in 
the ROM 90b. Although not being specifically illustrated, 
in the power output apparatus 10 of the emt>odiment, 
when the torque command value Tm1 * of the first motor 
MGl is set, the control CPU 90 fransmits the setting of 
the torque commarKl value Tml* to the EFIECU 70 
through communication. The EFIECU 70 receiving the 
torque command value Tml* sets the driving point of 
the engine 50 based on the torque command value 
Tml * and controls the position of the throttle valve 66 
and the amount of ttie ftiel injected from the fuel injec- 
tion valve 51 , in order to enable the engine 50 to be 
driven at the preset driving point. 

After setting the torque command value Tml * of ttie 
first motor MQl at step S1 10. the control CPU 90 deter- 
mines a magnetic flux command value 4)2* of the sec- 
ond motor MG2 based on the rotational frequency (o2 
and the torque command value Tm2* of the second 
nnotor MG2 at step S1 12. In order to enable the second 
motor MG2 driven at the rotational frequency aS. to out- 
put the torque given as the torque command value 
Tm2*, it is required to make the magnetic flux of the sta- 
tor 32 con-esponding to the torque. The magnetic flux is 
proper to the motor and can be determined in advance 
by analyzing the motor. In this emtxxJimertt, magnetic 
flux command values «|>2* are determined for the respec- 
tive rotational frequencies cd2 and the torque command 
values TmZ* and stored in advance as a map (not 
shown) in the ROM 90b. In accordance with a concrete 
procedure, at step S1 12, the magnetic flux command 
value (|>2* corresponding to the input rotational fre- 
quency ccZ and the preset torque command value Tm2* 
is read from the map stored in the ROM gob. 

After ot>taining the magnetic flux command value 
^2", the control CPU 90 calculates an electric current 
command value 10* of the exciting current to be flown 
through the three-phase coils 38 of the stator 32 accord- 
ing to Equation (3) at step Si 14. 'M2' in Equation (3) 
represents a mutual inductance of the second motor 
MG2. Fig. 9 is a graph showing torque-slip characteris- 
tics curves of the second motor MG2 with respect to a 
variety of cun-ent values 10 of the exciting current flowing 
through the three-phase coils 38. The current values 10 
decrease in the order of a1 > 02 > cx3 > a4. In the induc- 
tion motor, the torque-slip characteristics of the motor 
are varied with a variation in value of the exciting current 
flown through the three-phase coils of the stator. The 
motor can thus be driven with a high efficiency by regu- 
lating the value of the exciting cun-ent flown through the 
three-phase coils and the slip for the required torque. 
The procedure of setting the magnetic flux command 
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value 4)2* at step S112 and setting the electric current 
command value 10' at step Si 1 4 accordingly represents 
the procedure of setting the current value 10 that is one 
of the variables for driving the second motor MG2 with a 
high efficiency. 

/0*=|| (3) 



Equation (11) calculates the torque current Iql* of the 
first motor MG1 from the slip frequency oosi and the 
magnetic flux command value <|>1*. In Equations (8) 
through (12). 'p'. 'M1'. 'LI', and 'R1' respectively denote 
a polar number, a mutual inductance, a secondary 
inductance, and a secondary resistance of the first 
motor t^GI . 



The control CPU 90 then calculates a frequency 
command value toO* that represents the frequency of 
the exciting current to be ftavm through the three-phase 
coils 38 of the stator 32 according to Equation (4) given 
belov/ at step S1 16. Equation (4) used to determine the 
frequency command value coO* is obtained by substitut- 
ing Equations (5) and (6) given below and Equation (3) 
used at step S1 14 into Equation (7) representing the 
relationship between the frequency command value oO* 
and the rotational frequency <o2. Equation (5) calculates 
a torque current Iq2* of the second motor MCi2 from the 
magnetic flux command value and the torque com- 
mand value Tnri2*, whereas Equation (6) calculates a 
slip frequency co62* of the second motor MG2 from the 
torque cun-ent Iq2* and the magnetic flux command 
value 4>2*- In Equations (4) through (6). 'p', 'L2'. and 'RZ 
respectively denote a polar nun^er, a secorxlary 
inductance, and a secondary resistance of the second 
motor MG2. 



TmZ*xR2 



^ F>xM2x^2* 



(4) 
(5) 



4>1*= Mix/0* 
cas1 = cbI-coO* 



Tg = 



II 



(9) 
(10) 

(11) 

(12) 



After obtaining the estimated torque Tg of the first 
motor MG1, the control CPU 90 corrects the electric 
current command value 10* according to Equation (13) 
given below, in order to make the torque of the first 
motor MGI approach to the torque command value 
Tml * at step 8120. '10*' in the first term on the right side 
of Equation (13) is obtained at step Si 14. The second 
term on the right side represents a correction term 
based on the difference between the torque command 
value Tml* and the estimated torque Tg, wherein 'K1' 
denotes a proportional constant. The third term on the 
right side represents an integral term to cancel the sta- 
tionary difference, wherein 'K2' denotes a proportional 
constant. 



/0*= IO'■+K^Tm^*-Tg)+K2^{Tm^*-Tg)clt (13) 



The control CPU 90 of the controller 80 subse- 
quently determines an estimated torque Tg according to 
Equation (8) given below at step Si 18. The estimated 
torque Tg is a torque applied to the first nnotor MGI 
when the electric current having the frequency equal to 
the frequency command value coO' and the magnitude 
equal to the electric current command value 10* is flown 
through the three-phase coils 38 of the stator 32. Equa- 
tion (8) used to calculate the estimated torque Tg is 
obtained by substituting Equations (9), (10), and (11) 
given below into Equation (12) for calculating the esti- 
mated torque Tg from a magnetic flux command value 
i|)1* and a torque current Iq1*. Equation (9) calculates 
the magnetic flux command value (|>1 * of the first motor 
MGI from the electric cunrerrt command value 10*; 
Equation (1 0) calculates a slip frequency oosi of the first 
motor MGI at the frequency command value coO*; and 



After setting the frequency command value cbO* and 
the electric current command value 10* of the exciting 
current to be flown through the three-phase coils 38 of 
tiie stator 32, tiie control CPU 90 PWM (pulse widtti 
modulation) controls the on-time of the transistors Trl 
through Tr6 in the driving circuit 92. in order to make the 
preset electric current flow through tiie three-phase 
coils 38 at step S122. The switching control of the tran- 
sistors Trl through Tr6 in the driving circuit 92 enables 
the electric current having the frequency equal to tiie 
frequency comnnand value ooO* and the magnitude 
equal to tiie electric cun-ent command value 10* to flow 
through the tiiree-phase coils 38. and thereby forms a 
revolving magnetic field having the frequency equal to 
the frequency command value coO* in the stator 32. The 
first motor MGI is accordingly controlled to carry out the 
regenerative operation and have the torque equal to the 
torque command \m\ue Tml*. whereas the second 
motor MG2 is controlled to canry out the power opera- 



toO* = (o2+ws2* (7) 40 
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tion and have the torque equal to the torque command 
value Tm2*, as discussed previously with the drawing of 
Fig. 5. This results in outputting the torque equal to the 
torque command value Tm2* to the drive shaft 22. 

As discussed above, the power output apparatus 
1 0 of the first embodiment executes the processing rou- 
tine in the stationary driving corxiition and controls the 
driving circuit 92 to regulate the frequency ooO of the 
revolving magnetic field generated in the stator 32. The 
regulation of the frequency <oO enables the regenerative 
operation of the first motor MG1 and the power opera- 
tion of the second motor MQ2 in the complex motor 30, 
thereby allowing a desired power to be output to the 
drive shaft 22. The electromagnetic energy PI regener- 
ated by the first motor MG1 is supplied directly to the 
second motor MG2 via the stator 32. Compared with the 
structure that supplies the energy to the motor via two 
driving circuits, such as inverters, the structure of this 
embodiment enhances the energy efficiency. The struc- 
ture of the first embodiment uses only one driving circuit 
to control both the first motor MG1 and the second 
motor Mg2, thereby decreasing the required numt>er of 
parts and reducing the size of the whole power output 
apparatus 10. 

In the processing routine in the stationary driving 
condition of the embodiment, the torque command 
value Tmr of the first motor MG1 is set based on the 
output energy P2 and the remaining charge BRM of the 
battery 94, and the engine 50 is driven at a plurality of 
driving points. In accordance with another possible 
application, however, ttie (deration control of the engine 

50 may be an on-off control to drive the engine 50 at an 
only driving point (for example, a driving point of the 
highest possible energy efficiency) or to stop the engine 
50, based on, for example, the remaining charge BRM 
of the battery 94. In case that the engine 50 is being 
driven, the value of the torque at the driving point is set 
to the torque command value Tml* of the first motor 
MG1 . In case that the engine 50 is at a stop, on the con- 
trary, tfie torque command value Tml * of the first motor 
MG1 is set equal to zero. In accordance with still 
another possible application, the driving point of the 
engine 50 is varied with a variation in accelerator pedal 
position AP, and the value of the toit|ue at the driving 
point is set to the torque command value Tml* of the 
first motor MG1. 

The following describes a control procedure of the 
engine 50 at a starting time, based on a starting time 
process routine shown in the flowchart of Fig. 10. The 
starting time process routine is executed when the 
starter switch 79 is turned ON while both the vehicle and 
the engine 50 are at a stop. When the program ent^s 
the process routine of Fig. 10, ttie control CPU 90 of the 
controller 80 first sets a predetermined value lOSTto the 
electric current command value 10', which represents 
the magnitude of the exciting cun-ent to be ftown 
through the three-phase coils 38 of the stator 32. at step 

51 30. The predetermined value lOST is set as a value of 



electric current which does not generate a required 
torque for rotating and driving the drive shaft 22 in the 
second motor MG2 but generates a required torque for 
cranking the engine 50 in the first motor MG1, when 
s both the first motor MG1 and the second motor MG2 in 
the ceasing state are controlled to carry out the power 
(^ration. This is explained in detail based on the graph 
of Fig. 11. 

As discussed previously, the second motor MG2 is 

10 structured as an ordinary squirrel-cage induction motor, 
and the first motor MGl as a special double squirrel- 
cage induction motor. The torque-slip characteristics of 
these motors MG2 and MGl are accordingly given as 
curves A and B of the broken line in Fig. 1 1 (which are 

15 identical with the curves A and B in Fig. 4). These 
torque-slip characteristics are obtained under the condi- 
tion of a rated electric current. When the value of the 
exciting current flown through the three-phase coils 38 
is set smaller than the value of the rated electric current, 

20 the torque-slip characteristics curve is shifted down- 
ward in the graph. The torque-slip characteristics curve 
of the second motor M<^ given as the curve A of the 
broken line thus eventually reaches a curve A', wherein 
the torque is equal to zero at the slip s2 having the value 

25 'V. The torque-characteristics curve of the first motor 
MGl at this moment is given as a curve B', wherein the 
torque is equal to TST at the slip si having the value '1 '. 
In this embodiment, the predetermined value lOST rep- 
resents a value of electric cun-ent when the torque-char- 

30 acteristics curves of the second motor MG2 and the first 
motor MGl are respectively given as the curves A' and 
B'. The torque output from the first motor MGl is 
accordingly equal to the value TST, which is an initial 
torque for cranking the engine 50. 

35 After setting the predetermined value lOST to the 
electric current command value 10* at step SI 30, the 
control CPU 90 sets a predetermined value <o0ST to the 
frequency command value coO* of the exerting current 
ftown through the three-phase coils 38 at step SI 32. 

40 The predetermined value eaOST is set as a frequency of 
the revolving magnetic field of the stator 32 required for 
rotating the rotor 34 included in the first motor MGl at a 
revolving speed of not lower than a predet^mined value 
NST. The predetermined value NST will be described 

45 later. After setting the frequency command value <oO* 
and the electric current command value 10* of the excit- 
ing current to be flown through the three-phase coils 38 
of the stator 32, the control CPU 90 PWM controls the 
on-time of the transistors Tri through Tr6 in the driving 

so circuit 92, in order to make the preset electric cun-ent 
ftow through the three-phase coils 38 at step SI 34. 

The control CPU 90 then reads data of the revolving 
speed Ne of the engine 50 at step SI 36, and deter- 
mines whettier or not the input revolving speed Ne is 

55 equal to or higher than the predetermined value NST at 
step Si 38. The revolving speed Ne of the engine 50 
may be calculated from the rotational angle ee of tiie 
engine 50 measured by the resolver 44 attached to the 
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cranlshaft 56, or aiternatively inpul, as a signal 
detected by the speed sensor 76 attached to the distrib- 
utor 60, directly from the EFIECU 70 through communi- 
cation. The predetermined value NST is set as a value 
of not lower than a minimum revolving speed that ena- 
bles stationary driving of the engine 50. In this emt>odi- 
ment, the predetermined value NST is set to be a little 
higher than the minimum revolving speed, in order to 
reduce the energy consumed by the first motor MGl at 
the time of starting the engine 50- The predetermined 
value NST may be any revolving speed as long as it is 
not lower than the minimum revolving speed. The pre- 
determined value NST may thus be a revolving speed at 
a driving point of the engine 50 after a start of the oper- 
ation. 

When the input revolving speed Ne of the engine 50 
is lower than the predetermined value NST at step 
8138, the program returns to step S136 and receives 
another data of the revolving speed Ne of the engine 50. 
When the input revolving speed Ne of the engine 50 is 
not lower than the predetermined value NST at step 
S1 38, on the contrary, the program goes to step SI 40 to 
start injection of the fuel from the fuel injection valve 51 
and spark ignition with the ignition plug 62, thereby 
starting the operation control of the engine 50. The pro- 
gram then exits from this routine. 

As discussed above, the power output aii^aratus 
10 of the first embodiment executes the starting tme 
process routine and enables the first motor MGl to start 
the engine 50 without rotating and driving the drive shaft 
22, upon condition that the first motor MGl and the sec- 
ond motor MG2 of the complex motor 30 are structured 
as induction motors having different torque-slip charac- 
teristics. This structure does not require any additional 
motor for starling the engine 50. 

In the starting lime process routine of the embodi- 
ment, the predetermined value lOST is specified as a 
value of electric current that makes the torque equal to 
zero at the slip s2 having the value "1 ' in the torque-slip 
characteristics curve of the second motor MG2, and is 
set to the electric currerrt command value 10*. In accord- 
ance with another possible application, however, the 
predetermined value iOST may be specified as a value 
of electric current that makes the torque equal to or 
smaller than the maximum stationary friction of the drive 
shaft 22 at the slip s2 having the value '1 ', and set to the 
electric cunent command value 10*. This also prevents 
the torque output from the second motor Me2 from 
rotating and driving the drive shaft 22. In accordance 
with still another possible application, the predeter- 
mined value IOST is set as a value smaller than a spe- 
cific value of electric cunent that makes the torque 
equal to zero at the slip s2 having the value '1' in the 
torque-slip characteristics cun/e of the second motor 
MQ2. The electric current smaller than the specific 
value of electric current makes the torque of the second 
motor MG2 equal to zero at the slip s2 having the value 
'1 '. In case that a braking mechanism is di^sed on the 



drive shaft 22, the predetermined value IOST may be 
specified as a value of electric current that makes the 
torque equal to or greater than the maximum stationary 
friction of the drive shaft 22 at the slip s2 having the 
value '1' in the torque-slip characteristic curve of the 
second motor MG2, and set to the electric current com- 
mand value 10*. 

The starting time process routine of the embodi- 
ment starts the engine 50 while the vehicle is at a stop. 
The starting time process routine may, however, be 
applied to start the engine 50 while the vehicle is being 
driven. In the latter case, the torque output from the sec- 
ond motor MG2 depends upon the accelerator pedal 
position AP. 

The following describes a control procedure at a 
braking time, when the brake pedal 65 is stepped on, 
based on a braking time process routine stiown in the 
fbwctwt of Fig. 12. The braking time process routine is 
executed when the brake pedal position sensor 65a 
detects a step-on of the brake pedal 65. When the pro- 
gram enters the process routine of Fig. 12, the control 
CPU 90 of the controller 80 first receives data of the 
rotational frequency a>2 of the second motor MG2 at 
step S150 and data of the brake pedal position BP 
measured by the brake pedal position sensor 65a at 
step SI 52. The control CPU then determines the torque 
command value Tm2* of the second motor MG2, based 
on the input brake pedal position BP at step SI 54. The 
brake pedal position BP of the brake pedal 65 reflects a 
desired braking force which the driver requires, so that 
the torque of the second motor MQ2 functioning as the 
braking force is set based on the brake pedal position 
BP. In this embodiment, torque command values Tm2* 
as braking forces are set in advance for the respective 
values of the brake pedal position BP and stored as a 
map (not shewn) in the ROM 90b. In accordance with a 
concrete procedure, at step S154, the torque command 
value Tm2* corresponding to the input brake pedal posi- 
tion BP is read from the map stored in the ROM 90b. 
The torque command value Tm2* of the second motor 
MG2 set at step SI 54 acts as a Ixaking force of the 
drive shaft 22 and accordingly r^resents a torque 
aii^lied in reverse of the rotation of the drive shaft 22. 
When it is assumed that the torque commarKl value 
Tm2* set at step SI 04 in the processing routine in the 
stationary driving condition of Fig. 6 is positive, tfie 
torque command value Tm2* set at step S154 has a 
negative value. 

After determining the torque command value Tm2* 
of the second motor MG2, the control CPU 90 cames 
out the processing of steps SI 56 through SI 60 that is 
identical with the processing of steps S112 through 
Si 16 in the processing routine in the stationary driving 
condition of Fig. 6. Namely the control CPU 90 calcu- 
lates the magnetic flux command value <|>2* of the sec- 
ond motor MG2 at step SI 56, sets the electric cun-ent 
command value 10* at step S158, and sets the fre- 
quency command value oO* at step S160. The control 
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CPU 90 subsequently carries out the PWM control in 
order to enable the preset electric current having the 
magnitude equal to the electric current command value 
10* and the frequency equal to the frequency command 
value (oO* to flow through the three-phase coils 38 at 
step SI 62. In this routine, the torque command value 
Tm2* is negative as mentioned above, so that the sec- 
ond term on the right side of Equation (4) takes a nega- 
tive value and the frequency command value <oO* 
calculated by Equation (4) becomes smaller than ^e 
rotational frequency co2. 

Fig. 13 is a graph showing an exemplified relation- 
ship between the torque-slip characteristics of both the 
motors and the rotational frequency at the time of brak- 
ing. Referring to Fig. 13, since ttie frequency command 
value (sO* is set to be smaller than the rotational fre- 
quency the rotational frequency ©0 of the revolving 
magnetic field in the stator 32 becomes smaller than the 
rotational frequency <o2. Hie second motor MG2 
accordingly has a negative slip s2 and functions as a 
generator to regenerate the kinetic energy of the vehicle 
as elecfrical energy via the drive shaft 22 and stores the 
regenerative electrical energy into the battery 94 via the 
driving circuit 92. 

As discussed previously, the power output appara- 
tus 10 of the emtxxliment executes the Ixaking time 
process routine and enables the second motor MCi2 in 
the complex motor 30 to apply the braldng force to the 
drive shaft 22. At this moment, the second motor MG2 
works as a generator to regenerate the kinetic energy of 
the vehicle as electrical energy and stores the regener- 
ative electrical energy into the battery 94. This sfructure 
improves the energy efficiency of the whole power out- 
put apparatus 10. 

Although the braking time process routine of the 
embodiment neglects the control of the first motor MG1 , 
the first motor MGl may be confrolled in the same man- 
ner as the processing of st^s S1 18 and S120 in the 
processing routine in the stationary driving condition 
shown in the flowchart of Fig. 6. In the braking time 
process routine of the embodiment, the torque com- 
mand value Tm2* is set based on the brake pedal posi- 
tion BP. In accordance with another possit}le 
application, the torque command value Tm2* may he 
set independently of the brake pedal position BP, for 
example, set to a predetermined value or set based on 
the value of the rotational frequency co2. 

The following describes a control procedure at the 
time of moving the vehicle back, based on a processing 
routine in a reverse driving state shown in the flowchart 
of Fig. 14. The processing rcxJtine in the reverse driving 
state is executed repeatedly at predetermined time 
intervals, for example, at every 10 msec, when the gear- 
shift 82 is set in Ra^erse position and the gearshift posi- 
tion sensor 84 detects the Reverse position. When the 
program enters the routine of Fig. 14, the control CPU 
90 of the controller 80 first rec^ves data of the rotational 
frequency e& of the second motor MG2 at step SI 70 



and the accelerator pedal position AP measured by the 
accelerator pedal position sensor 64a at step 81 72. The 
control CPU 90 then determines the torque command 
value Tm2* of the second motor MG2 based on the 

s input accelerator pedal position AP at step SI 74. The 
torque command value Tm2* of the second motor set at 
st^ S174 is applied to rotate the drive shaft 22 in the 
reverse direction. When it is assumed that the torque 
command value Tm2* set at step S104 in the process- 

10 ing routine in the stationary driving condition of Fig. 6 is 
positive, the torque comrriand value Tm2* set at st^ 
SI 74 has a negative value. 

After determining the torque command value Tm2* 
of the second motor MG2, the control CPU 90 canies 

15 out the processing of steps SI 76 through SI 80 ttiat is 
identical with the processing of steps S1 12 through 
S1 16 in the processing routine in the stationary driving 
condition of Fig. 6. Namely the confrol CPU 90 calcu- 
lates the magnetic flux command value ^2* of the sec- 

20 ond motor MC32 at st^ SI 76, sets the elecfric current 
command value 10* at step SI 78. and sets the fre- 
quency command value caO* at step SI 80. The control 
CPU 90 sut>sequently carries out the PWM control in 
order to enable the preset electric current having the 

25 magnitude equal to the electric current command value 
10* and the frequency equal to the frequency command 
value <oO* to flow through the three-phase coils 38 at 
step S182. In this routine, the torque command value 
Tm2* is negative as mentioned above, so that the fre- 

30 quency command value oiO* calculated by Equation (4) 
becomes smaller than the rotational frequency (o2. 
When it is assumed that the rotational frequency a)2 in 
the fonward driving state has a positive value, the rota- 
tional frequency ccS. in the reverse driving state has a 

35 negative value. The frequency command value coO* is 
smaller than the rotational frequency ca2 and thus takes 
a negative value. The procedure of making the electric 
current having a negative frequency flown through the 
three-phase coils 38 implies the procedure of making 

40 the elecfric current having a positive frequency flown 
through the three-phase coils 38 in a reversed phase 
sequence. Namely when the elecfric current is flown 
through the three-phase coils 38 in the fonward driving 
state in the sequence of u, v, and w phases, the same 

45 elecfric current is f town through the three-phase coils 38 
in the reverse driving state in the reversed sequence of 
w. V, and u phases. The PWM confrol carried out at step 
SI 82 accordingly enables the electric current having a 
positive f requKicy command value <nO* to flow through 

so the three-phase coils 38 in a reversed phase sequence. 
Fig. 15 is a graph showing an exemplified relation- 
ship between the torque-slip characteristics of both the 
motors and the rotational frequency at the time of mov- 
ing the vehicle tack. When it is assumed that the 

Bs torque-siv> characteristics of the second motor MC32 are 
identical irrespective of the direction of rotation, the 
torque-slip characteristics curve in the reverse driving 
state and the curve B shown in Fig. 5 are symmetrical 
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with respect to the ordinate representing the torque. At 
this moment, the positive and negative on the abscissa 
representing the slip is exchanged. In the graph of Fig. 
15, the scale on the abscissa increases rightward (the 
upper row) for the curve A representing the torque-slip 
characteristics of the second motor MGI2, and increases 
leftward (the lower row) for the curve B representing the 
torque-slip characteristics of the first motor MG1. The 
slip of the second motor MG2 is accordingly regulated in 
the range of 0 to 1 . 

As discussed atx>ve, the power output apparatus 
10 of the first emtxxiiment executes the processing rou- 
tine in the reverse driving state and makes the exciting 
current flown through the three-phase coils 38 in a 
reversed phase sequence, thereby moving the vehicle 
badt. Since the second motor MG2 is structured as an 
induction motor, the slip of the second motor MG2 is 
regulated in the range of 0 to 1, so as to &nakie the 
torque to be output in the reverse driving state, in the 
sane manner as in the forward driving state. 

Although the processing routine in the reverse driv- 
ing state of the embodiment neglects the control of the 
first motor MGl , the first motor MGl may be controlled 
in the same manner as the processing of steps S1 18 
and SI 20 in the processing routine in the stationary 
driving condition shown in the flowchart of Fig. 6. In the 
processing routine in the reverse driving state of the 
embodiment, a negative value is set to the torque com- 
mand value Tn^* of the second motor MG2. Another 
possible procedure sets a positive value to the torque 
command value Tm2* of the second motor MG2 in the 
same manner as the processing of step SI 04 in the 
processing routine in the stationary driving condition of 
Fig. 6, and specifies the electric current command value 
10* and the frequency command value aO* as positive 
values using the absolute value of the rotational fre- 
quency cb2. The PWM control carried out at st^ Si 82 
then makes the exciting cun-ent flown through the three- 
phase coils 38 in a reversed phase sequence using the 
positive electric current command value 10* and fre- 
quency command \ralue ooO*. 

The power output apparatus 10 of the first errbodi- 
ment discussed alx)ve drives the vehicle by means of 
the engine 50, the compiesc motor 30, and the controller 
80. The two motors MGl and MG2 can substantially be 
controlled by one driving circuit. This stiticture further 
enhances the energy efficiency of the whole power out- 
put apparatus 10 and desirably reduces the size of the 
power output apparatus 10. 

In the power output apparatus 10 of the embodi- 
ment, the first motor MGl and the second motor MG2 
are respectively structured as a special doutrfe squirrel- 
cage induction motor and an ordinary squirr^-cage 
induction motor. The engine 50 can be started as long 
as the torque at the slip equal to 1 in the torque-slip 
characteristics or thefirst motor MGl is greater than the 
torque of the second motor MG2. Doi^e squirrel-cage, 
high-resistance squirrel-cage, and deep channel-type 
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induction motors may also be applicable to the first 
motor MGl. In a structure having a separate starting 
apparatus for the engine 50, there is no need of making 
the torque at the slip equal to 1 in the torque-slip char- 

5 acteristics of the first motor MGl greater than the torque 
of the second motor MG2. Under such a condition, a 
variety of induction motors can be used as the first 
motor MGl and the second motor MG2. Although both 
thefirst motor MGl and the second motor MG2 are con- 

10 structed as induction motors in the power output appa- 
ratus 10 of the embodiment, either one of them may be 
structured as a synchronous motor. In the latter case, 
the frequency of the synchronous motor is set to the fre- 
quency command value wO*. 

IS The following describes another power output 
apparatus 110 as a second embodiment according to 
the present invention. Fig. 16 schematically illustrates 
structure of the power output apparatus 1 1 0 of the sec- 
ond enit>odiment; and Fig. 17 shows a general structure 

20 of a vehicle with the power output apparatus 1 1 0 of Fig. 
16 incorporated therein. 

The vehicle of Fig. 1 7 with the power output appa- 
ratus 110 of tiie second embodiment incorporated 
therein has a similar sti'ucfure to that of the vehicle of 

25 Fig. 2 witii the power output apparatus 10 of ttie first 
emtxxiiment incorporated therein, except that a com- 
plex motor 130 is attached to a crankshaft 156 via a 
planetary gear 1 20 in tine second enr43odiment while the 
complex motor 30 is directly attached to tiie crankshaft 

30 56 in the first embodiment. The same constituents are 
expressed by like numerals +100 and not ^ecifically 
described here. The numerals and symbols used in the 
desCTiption of the power output apparatus 10 of the first 
ent>odiment have the same meanings in the description 

35 of the power output apparatus 110 of the second 
erri>odiment, unless otherwise specified. 

Refen-ing to Fig. 16, the power output apparatus 
1 10 primarily includes an engine 150, a planetary gear 
120 having a planetary carrier 124 mechanically linked 

40 with a orankshaft 156 of the engine 150. a compl&c 
motor 130 having a rotor 134 linked with a sun gear 121 
of the planetary gear 120 and a rotor 136 and a stator 
132 linked with a ring gear 122 of the planetary gear 
120, and a conti-oller 180 for driving and controlling the 

4S complex motor 130. 

The planetary gear 120 includes the sun gear 121 
linked with a sun gear shaft 125 ttiat is coaxial with the 
crankshaft 156, the ring gear 122 linked with a hollow 
ring gear shaft 126 that is coaxial with ttie sun gear 

so shaft 125, a plurality of planetary pinion gears 123 
an-anged between the sun gear 121 and Uie ring gear 
122 to revolve around the sun gear 121 while rotating on 
its axis, and flie planetary camer 124 connecting wifli 
one end of the crankshaft 156 to support tiie rotating 

65 shafts of the planetary pinion gears 123. In the plane- 
tary gear 120, three shafts, ttiat is, the sun gear shaft 
125, the ring gear shaft 126, and tiie crankshaft 156 
respectively connecting with the sun gear 121, the ring 
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gear 122, and the planetary carrier 124, work as input 
and output stiafts of the power. Determination of ttie 
powers input to and output from any two shafts among 
the three shafts automatically determines the powers 
input to and oupvA from the residual one shaft. The 5 
details of the input and output process of ihe powers 
Into and from the three shafts of the planetary gear 1 20 
will be discussed later. 

A power feed gear 128 tor taking out ttie power is 
linked with the ring gear 122 and arranged on the side 
of the engine 150. The power feed gear 128 is further 
connected to a power transmission gear 1 1 1 via a chain 
belt 129, so that the power is transmitted between the 
power feed gear 128 and the power transmission gear 
1 1 1 . As shown in Fig. 1 7, the power transmission gear 
111 is further linked with a differential gear 114. The 
power output from the power output apparatus 110 is 
thus eirentually transmitted to left and right driving 
wheels 116 and 118. 

Hie conplex motor 130 has the structure similar to 
that of the complex motor 30 included in the power out- 
put apparatus 10 of the first embodiment. The rotor 134 
linked with the sun gear shaft 125 and the stator 132 
constitute a first motor MG1, whereas the rotor 136 
linked with the ring gear shaft 126 and the stator 132 
constitute a second motor MQ2. A resolver 134 for 
measuring a rotational angle Bs of the sun gear shaft 
125 is mounted on the sun gear shaft 125, and a 
resolver 136 for measuring a rotational angle Or of the 
ring gear shaft 126 is mounted on the ring gear shaft 
126. 

The controller 180 included in the power output 
apparatus 110 of the second embodiment has the simi- 
lar structure to that of the controller 80 included in the 
power output apparatus 10 of the first embodiment. 
Namely the controller 180 includes a driving circuit 192 
for regulating the exciting current to be flown through 
three-phase coils 138 of the stator 132 in the complex 
motor 130, a control CPU 190 for controlling the driving 
circuit 1 92, and a battery 1 94 including a number of sec- 
ondary cells. The control CPU 190 is a one-chip micro- 
processor including a RAM 190a used as a working 
memory, a ROM 190b in which a variety of processing 
programs are stored, an input/output port (not shown), 
and a serial communication port (not shown) through 
which data are sent to and received from an EFIECU 
1 70. The control CPU 1 90 receives a variety of data via 
the input port. The input data include the rotational 
angle es of the sun gear shaft 125 measured with the 
resolver 134, ttie rotational angle 9r of the ring gear 
shaft 126 measured with the resolver 136, an accelera- 
tor pedal position AP (step-on amount of an accelerator 
pedal 164) output from an accelerator pedal position 
sensor 164a. a brake pedal position BP (step-on 
amount of a brake pedal 1 65) output from a brake pedal 
position sensor 165a, a gearshift position SP output 
from a gearshift position sensor 184, phase cun-ents lu 
and Iv measured with two ammeters 196 and 198 dis- 



posed in the driving circuit 192, and a remaining charge 
BRM of the battery 194 measured with a remaining 
charge meter 199. 

The control CPU 190 outputs a control s'gnal SW 
for driving six transistors Tri 1 through Tr16 worldng as 
switching elements in the driving drcuit 192. The six 
transistors Tril through Tri 6 in the driving circuit 192 
constitute a transistor inverter and are arranged in pairs 
to work as a source and a drain with respect to a pair of 
power lines LI and 12. Each phase coil of the three- 
phase coils 138 in the complex motor 130 is connected 
to each contact of the paired transistors. The power 
lines LI and L2 are respectively connected to plus and 
minus terminals of the battery 194. The control signal 
SW output from the control CPU 1 90 thus successively 
controls the power-on time of the paired transistors Tri 1 
through Tri 6. The electric current f towing through each 
phase coil of the three-phase coils 138 is PWM (pulse 
width modulation) controlled to give a quasi-sine wave, 
which enat>les the three-phase coils 138 to form a 
revolving magnetic field. 

The power output apparatus 110 of the second 
embodiment thus constructed follows the operation 
principle discussed below. By way of example, it is 
assumed that the engine 150 is driven at a driving point 
d^ined by a revolving speed Ne and a torque Te and 
that the ring gear shaft 126 is rotated at a driving point 
d^ined by a revolving speed Nr and a torque Tr. Accord- 
ing to the mechanics, the relationship between the 
revolving speed and the torque of the three shafts in the 
planetary gear 120 (that is, the sun gear shaft 125, the 
ring gear shaft 126, and the planetary carrier 124) can 
be expressed as a nomogram illustrated in Fig. 18 and 
solved geometrically. The relationship between the 
revolving speed and the torque of the three shafts in the 
planetary gear 120 may be analyzed numerically 
through calculation of energies of the respective shafts, 
without using the nomogram. For the clarity of explana- 
tion, however, the nomogram is used in the second 
errAxxiiment. 

In the nomogram of Fig. 18, the revolving speeds of 
the three shafts are plotted as ordinate arKl the posi- 
tional ratio of the coordinate axes of the three shafts as 
abscissa. When a coordinate axis S of the sun gear 
shaft 125 and a coordinate axis R of tiie ring gear shaft 
126 are positioned on either ends of a line segment, a 
coordinate axis C of the planetary earner 124 is given 
as an interior division of the axes S and R at the ratio of 
1 to p. wherein p represents a ratio of the number of 
teeth of the ring gear 122 to that of the sun gear 121 and 
expressed as Equation (14) given below: 

P 777e Humber Of Teeth Of The Sun Gear . 
The Humber Of Teem Of The Ring Gear ^ ' 

As mentioned above, the engine 1 50 is driven at the 
revolving speed Ne, while the ring gear shaft 126 is 
driven at the revolving speed Nr. The revolving speed 
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Ne of the engine 150 can thus be plotted on the coordi- 
nate axis C of the planetary carrier 124 linked with the 
crankshaft 156 of the engine 150, and the revolving 
speed Nr of the ring gear shaft 126 on the coordinate 
axis R of the ring gear shaft 1 26. A straight line passing 5 
through both the points is drawn, and a revolving speed 
Ns of the sun gear shaft 125 is then given as the inter- 
section of this straigfrt line and the coordinate axis S. 
This straight line is hereinafter referred to as dynamic 
collinear line. The revolving speed Ns of the sun gear 
shaft 1 25 can be calculated from the revolving speed Ne 
of the engine 150 and the revolving speed Nr of the ring 
gear shaft 126 according to a proportional expression 
given as Equation (15) below. In the planetary gear 120, 
the determination of the rotations of any two shafts 
among the sun gear 121, the ring gear 122, and the 
planetary carrier 124 results in automatically setting the 
rotation of the residual one shaft. 

Ns = Wr-(/Vr-A/c)— fi (15) 

The torque Te of the engine 150 is then applied 
(upward in the drawing) to the dynamic collinear line at 
the coordinate axis C of the planetary cannier 124 as a 
line of action. The dynamic collinear line against the 
torque can be handled as a rigid body to which a force 
is applied as a vector. Based on the technique of divid- 
ing the torce into different lines of action having the 
same direction, the torque Te acting on the coordinate 
axis C is divided into a torque Tes on the coordinate axis 
S and a torque Ter on the coordinate axis R. The mag- 
nitudes of the torques Tes and Ter are given by Equa- 
tions (16) and (17) below: 

Tes = 7exr^ (16) 



The equilibrium of forces on the dynamic collinear 
line is essential for the statHe state of the dynamic col- 
linear line. In accordance with a concrete procedure, a 
torque Tm1 having the same magnitude as but the 
opposite direction to the torque Tes is applied to the 
coordinate axis S, wh^eas a torque Tm2 having the 
same magnitude as t>ut the opposite direction to a 
resultant force of the torque Ter and the torque that has 
the same magnitude as tjut the opposite direction to the 
torque Tr output to the ring gear shaft 126 is applied to 
the coordinate axis R. The torque Tml is given by the 
first motor MG1 in the complex motor 130, and the 
torque Tm2 by the second motor MG2 in the complex 
motor 130. The first motor MQ1 zqsplies the torque Tml 
in reverse of its rotation and ther^y works as a genera- 
tor, while the second motor MG2 applies the torque Tm2 



in the direction of its rotation and thereby works as a 
motor. In order to drive the first motor MG1 as a gener- 
ator and the second motor MG2 as a motor in the com- 
plex motor 130, a rotational frequency coO of a revolving 
magnetic field in the stator 132 of the complex motor 
130 should be set smaller than a rotational frequency 
wl of the rotor 134 in the first motw h/IGI and greater 
than a rotational frequency ©2 of the rotor 136 in the 
second motor 1^62; that is, the rotational frequency a>0 
should satisfy the relationship of a>1 >dO>asZ. In the 
nomogram of Fig. 18, the revolving ^eed Ns of the sun 
gear shaft 1 25 linked with the rotor 1 34 of the first motor 
MG1 is higher than the revolving speed Nr of the ring 
gear shaft 126 linked with the rotor 136 of the second 
motor MG2, so that the relationship of obI xaZ is held. 
Regulation of the rotational frequency coO in the range of 
0(>1><ia0>cn2 by the driving circuit 192 enat»les the first 
motor MGI and the second motor MG2 in the complex 
motor 130 to function respectively as a generator and 
as a motor, thereby outputting the power to the ring gear 
shaft 126. 

In the power output apparatus 110 of the second 
embodiment, the power output to the ring gear shaft 126 
is transmitted to a drive shaft 112 via the power feed 
gear 1 28 and the power transmission gear 111. and fur- 
ther transmitted to the driving wheels 116 and 118 via 
the differential gear 114 as discussed previously. A lin- 
ear relationship is accordingly held between the power 
output to the ring gear shaft 1 26 and the power transmit- 
ted to the driving wheels 116and11 8. The power trans- 
mitted to the driving wheels 116 and 1 18 can thus be 
controlled by regulating the power output to the ring 
gear shaft 126. 

In the nomogram of Fig. 18, the revolving speed Ns 
of the sung gear shaft 125 is higher than the revolving 
speed Nr of the ring gear shaft 126. For some combina- 
tions of the revolving speed Ne of the engine 150 with 
the revolving speed Nr of the ring gear shaft 126, how- 
ever, the revolving speed Ns becomes lower than the 
revolving speed Nr as shown in the nomogram of Fig. 
19. In this case, the rotational frequency ml becomes 
smaller than the rotational frequency co2 (col < cd2), so 
that the relationship col > ooO >o»2 can not be satisfied. 
Namely it is impossible to drive the first motor MGI as a 
generator and the second motor MG2 as a motor in the 
complex motor 130. When the netting current flown 
through the three-phase coils 138 of the stator 132 is 
regulated to satisfy the relationship coO > cd1 >oa2 in this 
state, both the first motor MGI and the second motor 
MG2 in the complex motor 130 function as motors. The 
first motor MGI arxl the second motor MG2 respectively 
output torques Tml and Tm2 shown by the solid arrows 
in Fig. 19. The forces are not balanced on the dynamic 
collinear line since there is no reaction force on the 
coordinate axis S, and the revolving speed Ns of the sun 
gear shaft 125 accordingly increases. The revolving 
speed Ns of the sun gear shaft 125 increases to a spe- 
cific level that satisfies the relationship of ©1 > coO ><b2 



IS 



so 



25 



30 



40 



45 



14 



27 



EP 0 817359 A1 



28 



and realizes the equilibrium of forces on the dynamic 
collinear line as shown in the nomogram of Fig. 18, and 
is l^ept stationarily at the specific level. Regulation of the 
rotational frequency raO to enable the power operation 
of the second motor MG2 in the state of the nomogram s 
of Fig. 19 shifts the revolving speed-torque relationship 
to the state of the nomogram of Fig. 1 8 and keeps that 
state stationarily. 

When the exciting current flown through the three- 
phase coils 138 of the stator 1 32 is regulated to satisfy jo 
the relationship of ol >c(>2 > o)0 in the state of the nom- 
ogram shown in Fig. 19, on the other hand, both the first 
motor MG1 and the second motor MG2. in the complex 
motor 130 function as generators. The first motor MG1 
and tiie second motor MG2 respectively output torques is 
TmV and Tm2' shown by the broken arrows in Fig. 19. 
The equilibrium of forces on the dynamic collinear line is 
attained when the magnitudes of the toiques satisfy 
Tm1'=Tes and Tm2'=Ter-Tr . The revolving speed- 
torque relationship is accordingly shifted to this state so 
and is kept stationarily. 

The atwve discussion on the fundamental opera- 
tion principle shows that the power output apparatus 
1 10 of the second en43odiment is operable in the state 
of the nomogram of Fig. 1 8. In this state, the first motor 
MG1 and the second motor MQ2 in the conplex motor 
130 respectively wrork as a generator and a motor, and 
the rotational frequency a>1 of the rotor 134 in the first 
motor MQ1 and the rotational frequency aZ of the rotor 
1 36 in the second motor MG2 satisfy the relationship of 3o 
0)1 > 002. The operation of the compleac motor 130 is 
accordingly similar to that of the complex motor 30 in 
the power output apparatus 10 of the first embodiment 
in the stationary driving condition. By taking into 
account the equilibrium of forces on the dynamic col- 3s 
linear line, the control procedure of ttie complex motor 
30 used in tiie power output apparatus 10 of the first 
embodiment is applicable to the control of the complex 
motor 1 30 in the power ou^ut apparatus 1 10 of the sec- 
ond embodiment. In ttie structure of the second embod- 4o 
iment, a torque command value Tml * of the first motor 
MG1 and a torque command value Tm2* of the second 
motor MGS. are respectively set according to Equations 
(18) and (19) given below. Tr* in Equation (19) repre- 
sents a torque command value to be output to the ring 4s 
gear shaft 1 28. which is specified based on the acceler- 
ator pedal position AP measured by the accelerator 
pedal position sensor 164a, and corresponds to the 
torque command value Tm2* to be ou^3ut to the drive 
shaft 22 in the structure of the first embodiment. so 

TmV^Te^yc:^ (18) 



rm2**- Tr *- Te *x-!- (19) 



As discussed previously, in the power output appa- 
ratus 1 10 of the second embodiment, regulation of the 
rotational frequency <o0 of the reiving magnetic field 
generated in the stator 132 by means of the driving cir- 
cuit 192 enables a desired power to be output to the 
drive shaft 22. Especially when the rotational frequency 
oiO is regulated to satisfy the relationship of cal > oO > 
dZ, the first motor MGl and the second motor MG2 in 
the complex motor 130 respectively function as a gener- 
ator and a motor. In this state, the electromagnetic 
energy PI regenerated by the first motor MGl is sup- 
plied directly to the second rmtor MG2 via the stator 
132. Conpared witti the structure that supplies ttie 
energy to the motor via two driving circuits, such as 
inverters, the structure of this embodiment enhances 
the energy efficiency. The structure of the second 
embodiment uses only one driving circuit to control both 
the first motor MGl and the second motor Mg2, thereby 
decreasing the required number of parts and reducing 
the size of the whole power output apparatus 110. 

In the power output apparatus 110 of the second 
embodiment, the rotor 136 of the second motor MG2 is 
attached to the ring gear shaft 126. Like another power 
output apparatus 11 OA of nrodrfied structure shown in 
Fig. 20, a rotor 1 36A of a second motor MG2 included in 
a complex motor 130A may be attached to the crank- 
shaft 156. Fig. 21 is a nomogram in this modified struc- 
ture. The operation principle in this structure is 
described briefly. 

Equations (20) through (22) given below are 
obtained by taking into account the equilibrium of forces 
on the dynamic collinear line in the nomogram of Fig. 
21. Equation (20) gives a total energy input into the 
planetary can-ier 124 via the crankshaft 156, and Equa- 
tions (21) and (22) are led by dividing the torque applied 
to the planetary carrier 124 to torques acting on coordi- 
nate axes S and R. 

Tc=Te + Tm2 (20) 
Tcs = Tcxt^ (21) 



Tcr= Tcxjl- (22) 



The equilibrium of forces on the dynamic collinear 
line is essential for the stable state of the dynamic col- 
linear line. For that purpose, it is required to make the 
torque Tml equal to a torque Tcs and the torque Tr to a 
torque Tcr. TTie torques Tml and Tm2 are accordingly 
defined as Equations (23) and (24) given below: 



7/771 = Trxp (23) 
r/Tj2= 7rx(1+p)-7e (24) 
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While the engine 150 is driven at a driving point 
defined by the torque Te and the revolving speed Ne. 
the tirst motor MG1 is controlled to apply the torque 
Tm1 expressed as Equation (23) to a sun gear shaft 
125A and the second motor MGI2 is controlled to apply 
the torque Tm2 expressed as Equation (24) to the 
crankshaft 156. This enables the torque Tr to be output 
to a ring gear shaft 126A. Like the motors MG1 and 
MG2 in the complex motor 130 of the second embodi- 
ment, the first motor MG1 and the second motor MG2 in 
the comply motor 130A of the modified structure 
respectively function as a generator and a motor. The 
revolving speed Ns of the sun gear shaft 125A linked 
vyith a rotor 134A of the first motor MGl is higher than 
the revolving speed Ne of the crankshaft 156 linked with 
the rotor 136A of the second motor MG2. so that the 
relationship of <b1 >«)2 is satisfied. As discussed in the 
second errtwdiment, regulation of the rotational fre- 
quency caO in the range of a>1 xuO >a)2 by means of the 
driving circuit 192 enables the first motor MGl and the 
second motor MG2 in the complex motor 130A to func- 
tion respectively as a generator and a motor, thereby 
allowing the power to be output to the ring gear shaft 
126A. 

In the nomogram of Rg. 21, the revolving speed Ns 
of the sung gear shaft 1 25A is higher than the revolving 
speed Ne of the crankshaft 156. For some combinations 
of the revolving speed Ne of the engine 150 with the 
revolving ^ed Nr of the ring gear shaft 1 26A, however, 
the revolving speed Ns becomes lower than the revolv- 
ing speed Ne as shown in the nomogram of Fig. 22. It is 
considered that this state is similar to the state in the 
nomogram of Fig. 19. Regulation of the exciting current 
flown through the three-phase coils 138 of the stator 
132 to satisfy the relationship of ooO > col xiZ accord- 
ingly does not lead to the equilibrium of forces on the 
dynamic collinear line. This increases the revolving 
speed Ns of the sun gear shaft 125A, so as to satisfy the 
relationship of ol xioO > «a2 as shown in the nomogram 
of Fig. 21 and keep the stationary state at a revolving 
speed that attains the equilibrium of forces on the 
6ynarrAc collinear line. Regulation of the exciting current 
flown through the three-phase coils 138 of the stator 
132 to satisfy the relationship of ml > ai2 > q>0 enat}les 
both the first motor MGl and the second motor MG2 in 
the complex motor 130 A to function as generators. The 
equilibrium of forces on the dynamic collinear line is 
attained in a specific state that the magnitudes of the 
torques satisfy the relations of Tm1'=Tcs and 
Tm2' = Te -Tr(1+p) . The revolving speed-torque rela- 
tionship is shifted to this specific state and kept station- 
arily. The control procedure of the complex motor 30 
used in the power output apparatus 10 of the first 
entxxliment is applicable to the control of the conplex 
motor 130A in this modified structure by setting the 
torque command value Tml* of the first motor MGl 
according to Equation (23) and the torque command 
value Tm2* of the second motor MG2 according to 



Equation (24) as discussed previously. 

In the power output apparatus 110 of the second 
embodiment arxi the power output apparatus 11 OA 
given as its modified example, both the first motor MGl 

5 and the second motor MG2 in the complex motor 130 
(130A) are constructed as induction motors. EiBier one 
of them may, however, be structured as a synchronous 
motor. In the latter case, the frequency of the synchro- 
nous motor is set to the frequency command value coO*. 

10 In the power output apparatus 110 of the second 
emtxxJiment and the power output apparatus 11 OA 
given as its modified example, the planetary gear 120 is 
used as the three-shaft-type power input and output 
means. The planetary gear 120 may, however, be 

15 replaced by any other device or gear unit, lor exanple, 
a differential gear, that enables determination of the 
powers input into and output from the residual one shaft 
t>ased on the predetermined powers input into and out- 
put from any two shafts among the three shafts. 

20 The present invention is not restricted to the atiove 
embodiments or applications, but there may be many 
modifications, changes, and alterations without depart- 
ing from »ie scope or spirit of the main characteristics of 
the present invention. 

2S The gasoline engines driven by means of gasoline 
are used for the engines 50 and 150 in the first and the 
second emtiodiments discussed above. The principle of 
the irrvention is, howwer, applicat)le to other internal 
combustion engines and external combustion engines, 

30 such as Diesel engines, turbine engines, and jet 
engines. 

Transistor inverters are used for the driving circuits 
92 and 192 in the first and the second embodiments. 
Other availatde examples include IGBT (insulated gate 

35 bipolar nxxfe transistor) inverters, thyristor inverters, 
voltage PWM (pulse width modulation) inverters, 
square-wave inverters (voltage inverters and cun-ent 
inverters), and resoriance inverters. 

The t>atteries 94 and 194 may include Pb cells, 

40 NiMH cells, Li cells, or the like cells. A capacitor may be 
used in place of the battery 94 or the t)attery 194. 

Although the power output apparatus 10 or 1 10 is 
mourrted on the vehicle in tioth the first and the second 
emt)odiments, it may be mounted on other transporta- 

45 tion means like ships and airplanes as well as a variety 
of industrial machines. 

It should be clearly understood that the above 
embodiments discussed above are only illustrative and 
not restrictive in any sense. The scope and spirit of the 

50 present invention are limited only by the terms of the 
appended claims. 

Claims 

ss 1. A power (Hitput apparatus for outputting power to a 
drive shaft, said power output apparatus compris- 
ing: 
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an engine having an output shaft; 
a complex motor comprising a stator having 
multi-phase coils wound thereon, a first rotor 
connecting with said output shaft of said 
engine, and a second rotor connecting with s 
said drive shaft, wherein said stator and said 
first rotor constitute a first motor that can carry 
out a regenerative (peration and said stator 
and said second rotor constitute a second 
motor, at least either one of said first motor and io 
said second motor being constructed as a non- 
synchronous motor; 

a motor-driving circuit for regulating an ^citing 
electric current flown through said multi-phase 
coils wound on said stator of said cormplex is 
motor, thereby driving said first motor and said 
second motor in said complex motor; and 
control means for driving and controlling said 
first motor and said second motor via said 
motor-driving circuit, so as to enable at least 20 
part of power output from said engine to be out- 
put to said drive shaft. 

2. A power output apparatus in accordance with claim 

1 , wherein said control means comprises means for 2b 
controlling said first motor and said second motor, 
in order to enable said first motor to regenerate at 
least part of the power output from said engine as 
an electromagnetic energy and in order to enable 
said second motor to be driven with at least part of 30 
the regenerative electromagnetic energy 

3. A power output apparatus in accordance with claim 
1, wherein said second motor in said complex 
motor is constructed as a non-synchronous motor, 35 
and said first motor in said complex motor is con- 
structed as a non-synchronous motor having spe- 
cific torque-slip characteristics that give a higher 
torque than that of said second motor at a slip in a 
predetermined range. 40 

4. A power output apparatus in accordance with claim 
3, wherein said predetermined range is a range in 
the vicinity of a value '1', said power output appara- 
tus further comprising: 45 

starting time control means aclivated in place 
of said control means when a predetermined 
starting instruction is given while both said out- 
put shaft of said engine and said drive shaft are so 
at a stop, said starting time control means con- 
trolling said first motor and said second motor 
via said motor-driving circuit, in order to enable 
said first motor to output a torque for rotating 
and driving said output shaft of said engine and ss 
in order to enable said second motor to output 
a torque of not greater than a predetermined 
value. 



5. A power output apparatus in accordance with daim 
4, wherein said predetermined value represents a 
value of a torque con-esponding to a stationary fric- 
tion of said drive shaft. 

6. A power output apparatus in accordance with either 
one of claims 1 and 2, said power output apparatus 
further comprising: 

reverse time control means for, when an 
instruction is given to rotate said drive shaft in 
reverse of a rotation of said output shaft, regu- 
lating said motor-driving circuit, so as to invert 
a phase sequence of an exciting electric cur- 
rent flown through said multi-phase coils 
wound on said stator of said complex motor. 

7. A power output apparatus in accordance with daim 
6, wherein said second motor in said complex 
motor is constructed as a non-synchronous motor, 
and said reverse time control means comprises 
means for regulating the exciting current in order to 
keep a slip in a range of 0 to 1 while said second 
motor is driven to cany out a power operation in a 
reverse direction. 

8. A power output apparatus in accordance with either 
one of claims 1 and 2, wherein said second motor in 
said comply motor is constructed as a motor that 
can cany out a regenerative operation, said power 
output apparatus further comprising: 

braking time control means for, when an 
instruction is given to brake said drive shaft, 
regulating an exdting electric current flown 
through said multi-phase coils wound on said 
stator of said complex motor via said motor- 
driving circuit, so as to enable a braking force 
to be appiied to said drive shaft through the 
regenerative operation of said second motor in 
said complex motor. 

9. A power output apparatus tor outputting power to a 
drive shaft, said power output apparatus compris- 
ing: 

an engine having an output shaft; 
a complex motor comprising a stator having 
multi-phase coils wound thereon, a first rotor 
connecting with a rotating shaft, and a second 
rotor connecting with either one of said output 
shaft of said engine and said drive shaft, 
wherein said stator and said first rotor consti- 
tute a first motor tiiat can carry out a regenera- 
tive operation and said stator and said second 
rotor constitute a second motor, at least either 
one of said first motor and said second motor 
being constructed as a non-synchronous 
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motor; 

three-shaft-type irput and output means hav- 
ing three shafts respectively connecting with 
said output shaft, said rotating shaft, and said 
drive shaft, said three-shafl-type input and out- s 
put means determining powers Input into and 
output from a residual one shaft based on pre- 
determined powers input into and output from 
any two shafts among said three shafts; 
a motor-driving circuit for regulating an exciting 10 
electric current flown through said multi-phase 
coils wound on said stator of said complex 
motor, thereby driving said first motor and said 
second motor in said complex motor; and 
control means for driving and controlling said is 
first motor and said second motor via said 
motor-driving circuit, so as to enable said 
three-shaft-type power input and output means 
and said first motor and said second motor in 
said conplex motor to output at least part of 20 
power output from said engine to said drive 
shaft. 
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Fig. 10 
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Fig. 12 
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Fig. 14 
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